Observations on the formation, growth and chemical composition of aerosols in an urban environment by Crilley, Leigh et al.
This is the author’s version of a work that was submitted/accepted for pub-
lication in the following source:
Crilley, Leigh R., Jayaratne, Rohan, Ayoko, Godwin A., Miljevic, Branka,
Ristovski, Zoran, & Morawska, Lidia
(2014)
Observations on the formation, growth and chemical composition of
aerosols in an urban environment.
Environmental Science and Technology, 48(12), pp. 6588-6596.
This file was downloaded from: http://eprints.qut.edu.au/73848/
c© Copyright 2014 American Chemical Society
This document is the Accepted Manuscript version of a Published Work
that appeared in final form in Environmental Science and Technology,
copyright c© American Chemical Society after peer review and technical
editing by the publisher. To access the final edited and published work see
http://pubs.acs.org/doi/abs/10.1021/es5019509
Notice: Changes introduced as a result of publishing processes such as
copy-editing and formatting may not be reflected in this document. For a
definitive version of this work, please refer to the published source:
http://doi.org/10.1021/es5019509
1 | P a g e  
 
Observations on the formation, growth and chemical composition of aerosols 1 
in an urban environment  2 
 3 
Leigh R. Crilley*, E. Rohan Jayaratne, Godwin A. Ayoko**, Branka Miljevic, Zoran Ristovski and 4 
Lidia Morawska.  5 
International Laboratory for Air Quality and Health, Institute of Health and Biomedical Innovation, 6 
Queensland University of Technology, Brisbane, QLD, 4001, Australia.  7 
*Present address: School of Geography, Earth and Environmental Sciences, University of 8 
Birmingham, Edgbaston, Birmingham, B15 2TT, United Kingdom. 9 
**Corresponding author: Email: g.ayoko@qut.edu.au, Phone: +61 7 3138 2586, Fax: +61 7 3138 1804 10 
Abstract 11 
The charge and chemical composition of ambient particles in an urban environment were determined 12 
using a Neutral Particle and Air Ion Spectrometer and an Aerodyne compact Time-Of-Flight Aerosol 13 
Mass Spectrometer. Particle formation and growth events were observed on 20 of the 36 days of 14 
sampling, with eight of these events classified as strong. During these events, peaks in the 15 
concentration of intermediate and large ions were followed by peaks in the concentration of 16 
ammonium and sulphate, which were not observed in the organic fraction. Comparison of days with 17 
and without particle formation events revealed that ammonium and sulphate were the dominant 18 
species on particle formation days while high concentrations of biomass burning OA inhibited particle 19 
growth. Analyses of the degree of particle neutralisation lead us to conclude that an excess of 20 
ammonium enabled particle formation and growth. In addition, the large ion concentration increased 21 
sharply during particle growth, suggesting that during nucleation the neutral gaseous species ammonia 22 
and sulphuric acid react to form ammonium and sulphate ions. Overall, we conclude that the 23 
mechanism of particle formation and growth involved ammonia and sulphuric acid, with limited input 24 
from organics. 25 
Introduction 26 
In the atmosphere, new particle formation is a frequently observed phenomenon in various 27 
environments 1. The classical mechanism for formation of these particles is thought to involve 28 
gaseous sulphuric acid and water, however this binary nucleation, considered as the sole formation 29 
mechanism, typically underestimates the observed nucleation rates in the atmosphere 2. Therefore a 30 
ternary nucleation mechanism with a third species, along with sulphuric acid and water, has been 31 
proposed to account for experimental observations. Ammonia is prevalent in the atmosphere and has 32 
been shown to enhance new particle formation3-5. However, recent results from the CLOUD chamber 33 
experiment suggest that typical boundary layer concentrations of sulphuric acid and ammonia (<1 34 
ppb) are too low to account for observed nucleation5. As such, other species have also been proposed 35 
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as the third species in ternary nucleation to explain the disagreement between theory and observation, 36 
and these include amines 6 and other organic species 7, 8. 37 
 38 
Ion-induced nucleation has also been proposed as a particle formation mechanism 9, 10. Atmospheric 39 
ions are naturally produced due to ionization by cosmic rays from space and radiation from radon and 40 
its daughter products in the air. These ions are soon attracted to air molecules and form singly-charged 41 
molecular clusters smaller than about 1.6 nm in size, known as ‘cluster ions’ 11. They have a lifetime 42 
of the order of 100 s, as they easily recombine with oppositely charged clusters or attach to aerosols 43 
12, which can then continue to grow by heterogeneous nucleation of gaseous precursors such as 44 
sulphuric acid, ammonia and organics present in the atmosphere to produce charged particles. Horrak 45 
et al. 13 classified atmospheric ions into three size classes as follows: small ions (smaller than 1.6 nm), 46 
intermediate ions (1.6 to 7.4 nm) and large ions (larger than 7.4 nm).  Small ions are molecular cluster 47 
ions and intermediate and large ions are charged particles. Intermediate ions are sometimes classified 48 
within large ions, giving two size classes – small and large ions. In nature, cluster ions occur in 49 
number concentrations of 100-300 cm-3 while charged particle concentrations can vary from a few 50 
hundred in clean environments to several thousand close to anthropogenic ion sources. Jayaratne et al. 51 
14 showed that the majority of charged particles in urban locations derive from motor vehicle exhaust 52 
which contains ions and charged particles of both signs in roughly equal numbers. While Kulmala et 53 
al. 15 demonstrated that the key to understanding atmospheric aerosol formation is the presence of 54 
neutral clusters, many studies have suggested that ion induced nucleation may play a role in 55 
nucleation 9, 10 . 56 
 57 
In urban environments sulphates, ammonium and organic species have been observed to contribute to 58 
new particle formation and growth 16, 17. Nucleation events have been previously observed in Australia 59 
in urban environments 18, 19, coastal 20 and in eucalypt forest environments 21, 22. In Brisbane, gaseous 60 
emissions from industrial sources have been shown to influence nucleation events and thus they may 61 
be providing the precursors for particle formation 18. Aerosol mass spectrometry, with its high time 62 
resolution and ability to measure both particle size and chemical composition has been shown to be a 63 
powerful tool but is restricted to analysing new particle growth due to its particle size cut-off 17. 64 
However the picture is still unclear as to the relative contributions of the chemical species and the role 65 
of ions in particle formation and growth. 66 
Overall, our knowledge on the mechanisms of particle formation and growth in the atmosphere is 67 
incomplete. Thus, the present paper aimed to contribute to the knowledge base by conducting ambient 68 
measurements on the charge and chemical composition of particles in an urban environment. We 69 
specifically aimed to determine whether there are trends in ion concentration and chemical 70 
composition both diurnally and during particle formation and growth events. Particle formation and 71 
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growth events were identified based upon short term changes in the concentration of positive and 72 
negative ion (small, intermediate and large) and during these events we aimed to see whether there 73 
were relationships in the charge and chemical composition, and thus determine which of these factors 74 
are contributing to the observed growth events.  75 
Experimental Method 76 
Sampling Location 77 
Sampling was conducted at the Queensland University of Technology, Gardens Point campus located 78 
in the central business district of Brisbane. An Aerodyne compact Time-Of-Flight Aerosol Mass 79 
Spectrometer (TOF-AMS) and a Neutral particle and Air Ion Spectrometer (NAIS) both sampled 80 
ambient air from the International Laboratory for Air Quality and Health (ILAQH) laboratory on level 81 
6 of M block, located in the centre of the campus. To the south of the campus, approximately 200 m 82 
from M Block is the Riverside Expressway which records traffic flows of around 135,000 vehicles a 83 
day 23. Other potential sources near the campus include the Brisbane River and City botanic gardens. 84 
The major industrial area of Brisbane, which includes the port of Brisbane and two oil refineries lie 85 
northeast of the campus, approximately 18km. Sampling for the AMS and NAIS was conducted 86 
continuously from 17:00 on the 1st November till 16:00 on the 7th December 2012. Meteorological 87 
data was obtained from the Bureau of Meteorology and included observations at 9am and 3pm for 88 
each day.  89 
TOF-AMS operation 90 
A TOF-AMS was used to measure the chemical composition of non-refractory PM1 (NR-PM1). A 91 
description of the TOF-AMS and its operation can be found elsewhere 24, 25. The TOF-AMS was 92 
operated in this study according to our previous work 26, with a 5 min sampling interval employed. 93 
Ambient air was sampled through a window using conductive rubber tubing approximately 80 cm in 94 
length. The use of conductive rubber tubing was not found to introduce artefacts into the measured 95 
mass spectra, as the m/z peaks associated with siloxanes 27 were not abnormally elevated. Detection 96 
limits of the chemical species were determined as per our previous work 26 and were 102, 14, 78, and 97 
13, ng m-3 for ammonium, sulphate, organics and nitrates, respectively which are within the ranges 98 
expected for a TOF-AMS 28. Calibrations for ion efficiency (IE) were carried out according to 99 
standard protocols 24, 29, 30. IE calibrations were performed at the beginning of sampling and then 100 
weekly during sampling. Particle size calibrations were performed but due to quality control issues 101 
this data was not used in this manuscript.  102 
NAIS sampling protocol 103 
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The particle number concentration (PNC) and ion concentrations were monitored with a NAIS. The 104 
instrument operates by imparting an equilibrium charge distribution to the sampled particles and 105 
classifying all particles by electrical mobility into 21 size bins in the range 0.5 to 42 nm. Charged 106 
particles are monitored by switching the charger off and repeating the above procedure. Thereby, 107 
neutral and charged particles are monitored in a programmable cycle. For a detailed description of the 108 
principle of operation of the NAIS, see Manninnen et al. 31 and Mirme and Mirme 32. 109 
The NAIS was placed next to the AMS and sampled ambient air from outside the window through a 110 
conductive rubber tube of length 1.1 m and internal diameter 17 mm at a flow rate of 60 L min-1. The 111 
instrument was programmed to monitor neutral particles for 1 min, followed by positive and negative 112 
ions simultaneously for 1 min with the cycle being continuously repeated every 3 min. From this data, 113 
the number concentrations of small or cluster ions (<1.6 nm) and large ions and particles (>1.6 nm) 114 
were determined as a function of time. In some applications, we used the definition provided by 115 
Horrak et al. 13 and separated the charged particles into intermediate ions (1.6 to 7.5 nm) and large 116 
ions (larger than 7.5 nm). 117 
Particle number size distributions were derived with a resolution of 10 size intervals per decade. 118 
Particle formation (PF) events were identified based on the rate of increase of PNC. These events 119 
were classified into strong and weak PF events, using the method outlined in Zhang et al. 17 in terms 120 
of the rate of increase of the particle number concentration dN/dt, where N is the number of particles 121 
in the size range smaller than 10 nm. Events with dN/dt > 15,000 cm-3 h-1 were classified as strong PF 122 
events, while events with 4000 < dN/dt < 15,000 cm-3 h-1 were classified as weak PF events. All other 123 
days were classified as days with no particle formation (NPF). 124 
Data analysis 125 
TOF-AMS data was processed and analysed using Squirrel v1.51 in IGOR Pro version 6.22. Squirrel 126 
was used to generate the organic and error matrix in the range of m/z 13-300 for analysis by Positive 127 
Matrix Factorization (PMF). PMF analysis was applied using PMF2 developed by Paatero and Tapper 128 
33 and the PMF evaluation tool (PET) for IGOR Pro as described in Ulbrich et al. 34.  Prior to PMF 129 
analysis the data pre-treatment set out in Zhang et al. 35 was applied to the data. The seed and F-peak 130 
values were varied to find the minimum. The number of factors was chosen based upon the guidelines 131 
given in Ulbrich et al. 34 and Zhang et al. 35 and the method employed in this paper is described in 132 
detail in Crilley et al. 36. Estimations of the oxygen to carbon (O:C) ratios were calculated according 133 
to Aiken et al. 37 for unit mass resolution data. Principal Component Analysis (PCA) was performed 134 
using the SIMCA v10 modelling tool on the TOF-AMS and NAIS data. The median concentration 135 
between 9am and 3pm for each day was determined for each parameter and this was the value used in 136 
the PCA. Pearson’s correlations were calculated in SPSS v19.  137 
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Results and Discussion 138 
Meteorology during sampling 139 
Sampling was conducted during warmer months in Brisbane and this is reflected in the average 140 
maximum temperatures 28.8±2.7°C and an average of 10±3 hours of sunlight during sampling. The 141 
predominant wind direction was determined by a wind rose plot (Supporting Information, Figure S1) 142 
and was North/Northeast. Significant daily rainfall (>2mm) was only observed on 4 days (11th, 18th, 143 
19th and 28th November) with an average relative humidity over the sampling period of 55%.  144 
Composition and concentration of chemical species  145 
The chemical composition of the non-refractory PM1 (NR-PM1) during the sampling is summarised 146 
in Table S1 (Supporting Information), with the median diurnal cycle shown in Figure 1. Organics 147 
were the largest component of the NR-PM1 throughout sampling, accounting for 75% of the average 148 
mass concentrations (Table S1). The total organics displayed the most variation during the sampling, 149 
with large sharp peaks observed at around 6am on the weekdays only (Figure 1). The concentrations 150 
of sulphate and ammonium were found to be highly correlated throughout the sampling (r2 of 0.9) 151 
with peaks observed frequently around the middle of the day (Figure 1). The total organics and nitrate 152 
were also highly correlated (r2 of 0.9) but were not correlated with either sulphate or ammonium. This 153 
suggests that there were distinct and different sources or formation mechanisms in the atmosphere for 154 
ammonium sulphate, and total organics and nitrates.  155 
As the organic fraction was by far the largest component of the NR-PM1, PMF was applied to identify 156 
the main sources. A four factor solution was found to best represent the data owing to the residuals, 157 
trends in the quality of fit parameter (Q) and evidence of splitting in the five factor solution 35, 38. The 158 
factors were assigned to hydrocarbon-like OA (HOA), cooking OA (COA), biomass burning OA 159 
(BBOA) and oxygenated OA (OOA). The diurnal variation of the factors is given in Figure 2 while 160 
the time series and mass spectra for the four factors are shown in the Supporting Information, Figures 161 
S3 and S4, respectively. These sources are typically found in urban environments and the reasons for 162 
the source identification are outlined below.  163 
The alkyl fragment ion series (m/z 41, 43, 55, 57, etc) were the characteristic feature of the HOA 164 
factor profile (Figure 2) and was similar to HOA reference spectra 39. O:C ratio for this factor (0.18) 165 
was similar to that from direct measurements of diesel exhaust 40 and within the range reported by Ng 166 
et al. 41 from 43 urban datasets. The O:C ratio for the HOA was higher than the COA factor, which 167 
has been observed previously 42. During sampling the predominant wind direction was not from the 168 
nearest road (Riverside Expressway) but from the northeast (Figure S1). Therefore, the vehicle 169 
emissions were slightly aged prior to sampling. In addition, the HOA diurnal cycle (Figure 2) did not 170 
follow peak hour traffic43, which further suggests that the source was not local. The strong and sharp 171 
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peaks observed in the total organics at around 6am during weekdays were due to HOA. During this 172 
time fuel-powered gardening and cleaning equipment was used on campus, and therefore was a likely 173 
source of the HOA peaks at this time.  174 
A COA source was also identified by PMF, owing to the observation of its diurnal cycle peaks at 175 
mealtimes (Figure 2) and higher intensity of the m/z 55 peak compared to the m/z 57 peak 44. The O:C 176 
ratio for the COA factor (0.12) was similar to COA factors derived from urban datasets 42, 45 and 177 
cooking source profiles 46. A biomass burning source was attributed to the strong peak at m/z 60 and 178 
73, which is characteristic for biomass burning 39. The O:C ratio of 0.25 found for the BBOA factor is 179 
comparable to the expected ratio for BBOA 37. The flat diurnal cycle for the BBOA (Figure 2) and the 180 
strong peak at m/z 44 indicates that the source was more regional than local 47.  181 
The OOA factor had the characteristic strong signal at m/z 44 39 and as indicated by the O:C ratio of 182 
1.12 was highly oxidised. This O:C ratio was higher than observed in the Northern Hemisphere for 183 
OOA 41 but similar to previous work in Brisbane 36. A peak in concentration centred at 1pm was 184 
observed in the diurnal cycle of the OOA, which suggests the formation of secondary OA by photo-185 
oxidation17, 48. The diurnal cycle of sulphate and ammonium also demonstrated a peak in 186 
concentration (Figure 1) at midday, just before the OOA peak. Thus it may also be involved in the 187 
particle formation. Furthermore, the OOA time series was moderately correlated with sulphate (r2 = 188 
0.27; N=10735) and ammonium (r2 = 0.48; N=10735) which suggests differing sources or formation 189 
mechanisms. In previous work with an AMS, Zhang et al. 17 observed the concentration of sulphates 190 
increased before the organics during particle formation and growth events. Sulphates and ammonium 191 
have previously been identified in the literature as playing an important role in particle formation15, 49. 192 
Therefore the PF events identified by the NAIS were investigated further, alongside the AMS data in 193 
the next section, to determine the contributing species to particle formation and growth.  194 
Characterisation of particle formation events 195 
PF events were observed on 20 of the 36 days during which 24 hour data was obtained. Eight of these 196 
days included strong PF events, and are listed in the Supporting Information, Table S2. The other 16 197 
days showed no formation events or, if there was one, it had dN/dt < 4000 cm-3 h-1 and was therefore 198 
classified as NPF days. One of the strongest PF events recorded was on the 23rd November and this is 199 
used to demonstrate the species contributing to particle nucleation and growth. Fig 3 shows the 200 
diurnal variation of particles (charged and neutral) as measured with the NAIS on 23rd November, 201 
with a very strong PF event observed between 8.30 and 10.30 am. During this time, the total particle 202 
number concentration in the detection size range of the NAIS, 1.6 to 42 nm, increased by an order of 203 
magnitude - from about 15,000 cm-3 to 150,000 cm-3, giving a rate of increase of 67,500 cm-3 h-1. The 204 
corresponding value of dN/dt was 28,000 cm-3 h-1. A second burst of particles is observed at about 14 205 
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h and a secondary peak, probably due to cooking emissions (see previous section), is clearly visible in 206 
the late evening. 207 
Fig 4(a) shows that the time of the peak intermediate ion concentration precedes the time of the peak 208 
large ion concentration by between 30 min and 1 hour. This is typical of all particle growth events. 209 
The small ion concentration falls as the large ions increase in number. This is also to be expected and 210 
occurs due to attachment of small ions to particles. As can also be seen in Figure 4, during PF events, 211 
the concentrations of intermediate and large ions peaks were followed by peaks in the concentrations 212 
of ammonium and sulphate. This time lag in peak concentration is to be expected during particle 213 
growth, due to the different particle size ranges sampled by the NAIS and AMS. The AMS does not 214 
sample particles smaller than 40 nm. Thus it would only detect the newly formed particles once they 215 
reach this size. The observed increase in the concentrations of ammonium and sulphate suggest that 216 
the number of particles larger than 40 nm is increasing and indicates that there is particle growth. The 217 
total organics concentrations did not typically follow the trend exhibited by sulphate and ammonium. 218 
This therefore suggests that ammonium and sulphate rather than organic compounds are involved in 219 
the particle formation and growth process. In order to examine whether the trends observed on the 220 
23rd November held, typical PF days were compared to days where there was no observed nucleation. 221 
We selected 4 typical strong PF days (November 4th, 5th, 23rd and 24th) and 4 typical NPF days 222 
(November 2nd, 3rd, 15th and December 6th) for further analysis on the characteristics of particle 223 
formation events.  224 
Comparison of typical PF and NPF days 225 
The median diurnal variations of the ions, PNC and chemical species of the selected PF and NPF days 226 
were compared, and are shown in Figure 5. The smaller peak in large ion and PNC between 6 and 7 227 
am (Figures 5A and B) is probably an artefact caused by cleaning activities in the university campus 228 
that occurred at around 6 am on weekdays (See previous section). No such peaks were observed 229 
during weekends. As expected when this smaller peak is ignored, the diurnal cycle of PNC on PF days 230 
demonstrated a peak in concentration during the middle of the day and the concentrations were 231 
elevated compared to NPF days. In addition, it is clear that the large ion concentration is at a 232 
minimum during the latter part of the night and increases to a maximum near midday. The mean 233 
maximum large ion concentration of 4380 cm-3 was significantly higher than the equivalent value of 234 
2480 cm-3 on the NPF days and this difference was clearly due to new particle formation and growth. 235 
The large ion concentration showed a secondary peak in the evenings around 20-21 h and we attribute 236 
this to the presence of cooking emissions in the urban environment (Figure 2). The small ion 237 
concentration showed a much weaker diurnal variation, generally following an inverse relationship to 238 
the large ions 50, with a minimum coinciding with the midday large ion peak. The mean maximum 239 
small ion concentration was greater on NPF days compared to PF days. 240 
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Of the chemical species measured by the TOF-AMS, the diurnal variation of the sulphate and 241 
ammonium concentrations was observed to more closely follow the trends for PNC and large ion 242 
concentrations (Figure 5C). The total organic and nitrate concentration (Supporting information, 243 
Figure S5) were also observed to have small peaks at around midday but lacked the sharp increase in 244 
concentration observed for ammonium and sulphate. In addition, as the concentrations of total 245 
organics and nitrates are lower on PF days, compared to NPF days (Figure S5), it would suggest that 246 
they were not involved in particle formation or growth. The similarities in the trends for the organics 247 
and nitrates indicate a similar source and this is examined further in the next section. In Figure 5D the 248 
median diurnal variation of the OOA and BBOA factors are given, and notable differences were 249 
observed between the PF and NPF days. Firstly, the concentrations are higher on the NPF days 250 
compared to the PF days. There is also a peak in concentration of both OOA and BBOA in the 251 
morning, centred at 7am, unlike on PF days, which is indicative of a biomass burning plume. 252 
Therefore, this suggests that the presence of OOA, and in particular BBOA, inhibited particle 253 
formation and growth, as these particles are likely to be larger than those from other sources of OA 51 254 
and as such have more surface area for the low-volatility vapours to condense on. This may explain 255 
why no particle formation events were observed on some days that recorded high concentrations of 256 
organics, sulphate and ammonium such as 2nd November and 2nd, 3rd and 5th December. This suggests 257 
that while existing particles grew from ammonia and sulphates, there were no new particles being 258 
formed. 259 
Principal component analysis  260 
To determine whether the relationships determined in the previous section for selected PF days held 261 
true over the whole sampling period, PCA was applied to the median concentrations of the measured 262 
parameters (9am to 3pm) during this study. The days classified as PF and NPF were analysed 263 
separately and the loading plots for each analysis given in Figure 6. In both of the loadings plots, all 264 
of the organic factors and nitrate were correlated; however the relationships among PNC, ion, 265 
sulphate and ammonium varied from one loadings plot to the other. For the PF days, the PNC, large 266 
ion, sulphate and ammonium concentration were highly correlated with each other (Figure 6A). In 267 
contrast on the NPF days, PNC was independent of the concentration of large ions, sulphate and to a 268 
lesser degree ammonium (Figure 6B). The sulphate and ammonium concentrations were anti-269 
correlated with large ions concentration, pointing to competing processes when there was no new 270 
particle formation. In Figure 6B, the total OA and OOA concentrations were independent of the PNC, 271 
sulphate, ammonium and large ion concentrations, indicating that the organics were not involved in 272 
the particle formation and growth, unlike the ammonium and sulphate ions. Therefore, from the PCA, 273 
the observed correlations for the PF days suggest that it was sulphate, ammonium and large ion 274 
concentration that are involved in the observed particle formation and growth. The precursor giving 275 
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rise to the sulphate is likely to be sulphuric acid 52.  This is in agreement with the relationships 276 
determined for the selected particle growth and non-growth days, in the previous section.  277 
Mechanism of particle formation and growth 278 
Based upon the diurnal variations and PCA, it would appear that ammonium and sulphate are the 279 
chemical species principally involved in particle formation and growth during this study. This 280 
confirms previous observations at some other locations 17, 21, 49. For example, Pikridis et al. 49 observed 281 
that particle formation and growth events occurred only when particles were neutralised and that 282 
acidic conditions limited the formation and growth. They suggested that the reason for this was that 283 
when the particles are acidic the available gas-phase ammonia is being used up by neutralising the 284 
gaseous sulphuric acid. However, when there was sufficient ammonia to generate neutral particles, the 285 
remaining ammonia can participate in particle formation and subsequent growth.  286 
As ammonium and sulphate were implicated in particle formation and growth in this study, the molar 287 
ratios were examined between ammonium and the inorganic anions, sulphate and nitrate to see 288 
whether the degree of acidity changed for PF and NPF days. Particle acidity was calculated according 289 
to the procedure described in Engelhart et al. 53 and the resulting molar ratios for PF and NPF days are 290 
shown in Figure S6 (Supporting Information). The ratio of ammonium to the anions was higher than 291 
1.0, indicating that there was an excess of ammonium than that required to neutralise the sulphate and 292 
nitrate present. On PF days the acidity ratio was 1.44 and this is significantly higher than that 293 
observed during corresponding NPF times (Figure S6). Therefore we hypothesise that this excess 294 
ammonium enabled particle growth as observed by Pikridis et al. 49. This excess ammonium may have 295 
also been due to organic amines, which have similar fragment ions (m/z 15, 16 and 17) and can thus 296 
artificially enhance the ammonium concentration measured by a TOF-AMS 54, 55. However, an amine 297 
or nitrogen-enriched OA factor (e.g. 55) was not observed in the PMF analysis (see previous section), 298 
indicating amines were not likely to be a major component of the NR-PM1. However, amines have 299 
been shown to induce nucleation at trace levels 56 and thus may have, in addition to ammonium, been 300 
involved in particle formation.  301 
While other studies have previously identified a sulphuric acid-ammonia-water ternary nucleation 57, 302 
generally in particle formation events organic species have been shown to be the third species in 303 
remote and urban areas 8, 16, 20, 21. However, while we cannot rule out the involvement of low-volatile 304 
organics in particle formation below the TOF-AMS particle size sampling range, it appears in this 305 
study that inorganic species (ammonium and sulphate) were principally involved, as has been 306 
observed elsewhere 52. This may be due to the sulphate and ammonium rich nature of the atmosphere 307 
in Brisbane during the study. While secondary sulphate concentrations have a seasonal variation that 308 
peaks in summer 58, the mean concentrations of sulphate and ammonium were 2-3 times higher in the 309 
current study, compared to the previous TOF-AMS measurements conducted in Brisbane 26. During 310 
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sampling, the prominent wind direction was from the Port of Brisbane area which includes two major 311 
oil refineries and a fertilizer factory that emit 6.7x106 kg of SO2 and 2.2x105 kg of ammonia, 312 
respectively, into the atmosphere per annum 59, and these are the probable sources of the additional 313 
sulphate and ammonium. In fact, between the 23rd and 26th November, when we observed several 314 
strong PF events (Table S2), the general wind direction was from the Port of Brisbane (between 45ºN 315 
and 90ºN; see Fig S7). This further indicates the influence of industrial emissions of SO2 and 316 
ammonia on the observed PF events rather than a seasonal trend. In addition, the results from the 317 
previous section also show that the large ion concentration increases sharply during PF events, 318 
suggesting that ammonium and sulphate ions are formed during nucleation from the neutral gaseous 319 
species, ammonia and sulphuric acid. Overall, we conclude that the mechanism of particle formation 320 
and growth in this study involved principally ammonium and sulphate, along with possible 321 
involvement from amines but with limited input from other organics species. 322 
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  554 
Figure 1: Median diurnal variation of chemical species measured by the AMS.  555 
  556 
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 558 
Figure 2: Median diurnal cycles of the PMF-derived factors.  559 
  560 
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 561 
Fig 3: Variation of particle number concentration (charged and neutral) as measured with the NAIS on 562 
23 November as a function of time 563 
  564 
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   566 
Figure 4: Concentrations of ions (A) and chemical species (B) as a function of time on the 23rd 567 
November.  568 
  569 
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570 
     571 
Figure 5: Diurnal variation of (A) large and small ions, particle number concentration determined by 572 
the NAIS (B), inorganic ions (C) and selected PMF-derived organic factors (D) on PF days and NPF 573 
days. 574 
 575 
 576 
 577 
  578 
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579 
  580 
Figure 6: PCA loadings plots of PF (A) and NPF (B) days. Hrs Sun refers to the daily hours of 581 
sunlight and WS to wind speed.  582 
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